Aim: Disrupted sleep may be a prodromal symptom or a predictor of depressive disorders. In this study we investigated the relationship between depression symptoms and disrupted sleep using a novel model of stress-mimicked sleep disorders in rats. Methods: SD rats were injected with corticosterone (10, 20 or 40 mg/kg, sc) or vehicle for 7 d. Their sleep-wake behavior was monitored through implanted EEG and EMG electrodes. Their depressive behaviors were assessed using forced swim test, open field test and sucrose preference test. Results: The corticosterone-treated rats showed significantly reduced sleep time, disinhibition of rapid-eye-movement (REM) sleep and altered power spectra during non-REM sleep. All depressive behavioral tests did not show significant difference across the groups. However, individual correlation analysis revealed statistically significance: the immobility time (despair) was negatively correlated with REM sleep latency, slow wave sleep (SWS) time ratio, SWS bouts and delta power density, and it was positively correlated with REM sleep bouts and beta power density. Meanwhile, sucrose preference (anhedonia) was positively correlated with total sleep time and light sleep bouts, and it was negatively correlated with the REM sleep time ratio. Conclusion: In stress-mimicked rats, sleep disturbances are a predictor of depressive disorders, and certain symptoms of depression may be related to the disruption of several specific sleep parameters.
Introduction
Epidemiological data from the patients of general practitioners strongly suggest that insomnia is not only a typical symptom of depression but, conversely, it may be an independent risk factor for depression [1, 2] . Similar results were reported by Breslau et al [3] , who observed a relative risk of 4.0 for a new onset of major depression in persons with a history of insomnia at baseline. Several other publications [4] [5] [6] , all based on epidemiological investigations, noted that insomnia in a given individual may be a major risk factor for the subsequent development of depression. The literature suggests that insomnia may be considered to be a prodromal symptom or predictor of a depressive disorder that develops later. In addition, chronic insomnia itself may be an important factor that triggers depression. Consequently, Ford and Kamerow [6] and others [7] have suggested that adequate early treatment of sleep disorders may provide an opportunity for the prevention of psychiatric disorders.
Most of the previous studies have examined the relationship between the overall severity of depression and sleep variables. For example, poor sleep maintenance, such as sleep fragmentation or sleep efficiency, was significantly correlated with depression severity scores [8] . The delta sleep ratio is correlated with the early recurrence of depression [9] . Some research has reported that reduced REM latency is correlated with endogenous symptoms, such as loss of appetite and distinct quality of mood [10] . Although differences in sleep-wake architecture have been noted [11, 12] , the relationship of these differences to specific symptoms of depression is often assumed or absent.
Stress can trigger physiological and behavioral responses that can lead to a surge in arousal, alertness, vigilance, focused attention and cognitive processing [13] . To study depression, many researchers utilize rodents as a convenient model for analyzing behavioral and pharmacological responses to stress.
The hypothalamo-pituitary-adrenocortical (HPA) system mediates the reaction to stress. Prolonged stress can challenge the capacity of the HPA system and may therefore cause serious mental or physical disorders, such as depression [14] . Repeated administration of corticosterone (CORT) can mimic the stress response and avoid the individual differences that can occur when an animal is exposed to stressors [15] . Many studies have adopted this paradigm for inducing depressive behaviors in animal models [16, 17] . The causal relationship between sleep-wake architecture and the specific symptoms of depression has not received adequate attention in the previous literature. To address this gap, we treated Sprague-Dawley rats with CORT for 7 d. Animals went through a series of behavioral tests, and measurements including immobility time (despair) during the forced swim test (FST), locomotor activity and sucrose consumption (anhedonia) [18] were obtained. To correlate these metrics with the sleep-wake architecture, we performed electroencephalographical (EEG) recordings.
Materials and methods

Animals and drug administration
Twenty-four male Sprague-Dawley rats (Grade I, purchased from the Animal Center of Peking University, Beijing, China) were used. All of the experiments were conducted in accordance with the European Community guidelines for the use of experimental animals and approved by the Peking University Committee on Animal Care and Use. The rats were housed in acrylic fiber cages individually and had access to food and water ad libitum, with a 12:12 h light/dark schedule (lights on at 9:00 am). The ambient temperature averaged 22±2 °C, and the relative humidity was 50%±10%. Rats were injected subcutaneously with 10, 20 and 40 mg/kg CORT (corticosterone 21-acetate, Sigma, St Louis, MO, USA) [16] dissolved in 1 mL/kg of saline with 2% Tween 80 (Sigma) once a day at 9:00 AM, for 7 d. The control group was injected with vehicle only.
Surgery
At least one week prior to any sleep recordings, the animals were instrumented using standard procedures, as reported previously [19] . Briefly, under chloral hydrate (300 mg/kg) anesthesia, two stainless steel screws attached to an insulated wire were implanted in the skull over the frontal-parietal cortex for EEG recording. One was placed approximately 2 mm anterior and 2 mm to the right of Bregma; another was placed approximately 3 mm posterior and 2 mm to the left of Bregma. A ground electrode was placed between the two, 3 mm lateral to midline. For electromyography (EMG), a pair of wire electrodes was threaded through the nuchal muscles. These electrodes were attached to a miniature connector, which was affixed to the skull with dental acrylic. After the surgery, rats were injected with antibiotics for 3 d and were allowed to recover for 7 d prior to the experiments. For the purposes of habituation, the animals were connected to the recording apparatus at least one day before the start of the EEG recording.
EEG and EMG recordings and analysis
For electrophysiological recording, a lightweight shielded cable was plugged into the connector on the rat's head and attached to a counterbalanced swivel that allowed for free movement. All rats were studied in an electrically shielded box and a noise-attenuated environment that was free from interruptions. The signals were routed to an electroencephalograph (Model MP 150, BIOPAC Systems, Goleta, CA, USA). Recordings were performed after the last CORT injection, from 9:00 to 15:00. The signals were amplified and filtered (EEG, 0.5-30 Hz; EMG, 10-100 Hz), then digitized at a sampling rate of 128 Hz and recorded using the AcqKnowledge software (BIOPAC Systems). The EEG/EMG recordings were analyzed in 10 s epochs using the standard criteria embedded in SleepSign v.2.0 (Kissei Comtec Co, LTD, Nagano, Japan). Sleep-wake states were automatically classified as wakefulness, rapid-eye-movement (REM) sleep, light sleep (LS) and slow wave sleep (SWS). As a final step, the defined sleepwake stages were manually examined and corrected according to the visual observations of the animal's behavior, which was recorded using a video camera. An example of the sleep recording analysis in one rat is shown in Figure 1 .
Each epoch was assigned to one of the following categories: wakefulness (low-amplitude EEG activity, high-voltage EMG activity), REM sleep (fast Fourier transform (FFT) theta ratio of EEG≥60%, desynchronized EEG, absence of tonic EMG, occasional body twitches while maintaining a recumbent sleep posture), SWS (FFT delta ratio of EEG≥70%, large-amplitude, synchronous EEG with sleep spindles present, greatly diminished tonic EMG, eyes closed, small eye movement potentials present, recumbent posture, animal was usually lying on its side or curled up with head down) and LS (FFT delta ratio of EEG<70%, high-amplitude slow or spindle EEG activity, lowamplitude EMG activity). Non-rapid eye movement (NREM) sleep time was defined as the SWS time plus LS time. Total sleep (TS) time equals the NREM sleep time plus REM sleep time.
For the power spectrum analysis, the amplified and filtered data were digitized and subjected to a FFT (SleepSign) for calculating the cortical EEG power during NREM sleep of the total 6-h recording. The analysis focused on four frequency Open field test After 6 h of sleep recording, locomotor activity was measured by an open field test that used four identical clear Plexiglas chambers (40 cm×40 cm×65 cm) and an automated video tracking system (DigBehv-LM4, Shanghai Jiliang Software Technology, Shanghai, China). The video files were analyzed using DigBehv analysis software. Locomotor activity is expressed as the total distance and total active time traveled in 5, 10, and 15 min of the time tested.
Forced swim test
The FST is a well-established behavioral model of despair. In this experiment, FST was performed according to a modified version of the paradigm [16, 17] . After sleep recording, each rat was placed individually, for 5 min, into a 25 cm diameter×60 cm height Plexiglas cylinder filled with 23-25 °C water to a depth of 40 cm. The rat's behavior was recorded with two direction video cameras (top and side). Immobility time was assessed from the videotapes by a researcher who was blind to each rat's treatment condition. Immobility was defined as the minimum movement necessary to keep the rat's head above water. After the experiment, the rat was removed from the cylinder, dried off with a towel, and placed back in its home cage to be dried under a heat lamp. The water in the swim tank was changed for each rat.
Sucrose preference test (SPT)
Sucrose preference is considered to be an index of anhedonia [20] . After FST, the rats were trained for 48 h to adapt to a 1% sucrose solution (w/v) at the beginning of the experiment in which two bottles with 1% sucrose solution were placed in each cage. After adaptation, the rats were deprived of water for 4 h and then underwent the SPT, in which the rats were housed in individual cages for 1 h and exposed to two identical bottles, one filled with 1% sucrose solution and the other filled with water. At the end of the 1-h test, sucrose and water consumption was measured. Sucrose preference (%) was calculated as sucrose consumption/(sucrose consumption+water consumption).
Statistical analysis
All of the values are expressed as the mean±SEM. For multiple comparisons, data were analyzed using a one-way analysis of variance (ANOVA) followed by the Student-NewmanKeuls test. P<0.05 was considered statistically significant. The correlation between immobility time or sucrose preference and different sleep parameters were assessed using Pearson's correlation analysis. Correlation analysis was performed on pooled data (n=24), from both controls and CORT-treated rats at all doses (n=6/group).
Results
Effects of CORT on body weight
Compared to the control group, treatment with 40 mg/kg CORT inhibited the increase of body weight during the 7 d of administration. No significant differences were found in 10 and 20 mg/kg CORT-treated groups (Table 1) . Additionally, there was a marked reduction in the body weight of 40 mg/kg CORT-treated rats on d 7 (P<0.05, Table 1 ). (Figure 2A) .
Sleep differences after repeated CORT administration
To examine various group-specific differences in sleep and wake cycles, the stages were further analyzed for the latency of onset (Figure 2B ), number of episodes (bouts, Figure 2C ) and mean duration ( Figure 2D ). We observed significant differences only in sleep latency and mean REM duration. Compared to the control group (39.33±4.74 min), sleep latency was significantly prolonged by the administration of 20 mg/kg CORT (70.03±8.31 min, P<0.05). Mean REM duration was significantly increased in the 40 mg/kg CORT group (17.16±0.60 s) Figure 3) . Meanwhile, the power densities of theta (4-8 Hz) and alpha (8-12 Hz) were not changed across treatment groups.
Depressive behavior after repeated administration of CORT The ethological variables of depressive behavior after 7 d of CORT administration are shown in Figure 4 . Although a trend seems apparent, no significant treatment effects were present in the forced swimming ( Figure 4A ) and sucrose preference tests ( Figure 4B ). The absence of a significant effect could be because the rat model of depression has not been fully developed.
To test the rats' normal behavior, we monitored their locomotor activity using an open field test. There were no obvious differences in locomotor activity, as measured by total distance ( Figure 4C ) and total active time ( Figure 4D ) during the tested 5, 10 and 15 min.
Relationship between immobility time (hopelessness or despair) and sleep parameters and EEG spectral power After evaluating the differences in sleep parameters and EEG spectral power between the treatment groups receiving 7 d of CORT injections and the control group, we analyzed the correlation between depressive behavior and specific sleep parameters as well as EEG power spectra. Immobility time is a hopelessness or despair indicator of depression. Pearson's correlation analysis was performed to illustrate any relationship between the despair indicator (represented by immobility time in FST) and the sleep parameters or EEG spectral power density in CORT-treated rats. The results demonstrate that the immobility time ratio was not only negatively correlated with REM sleep latency, SWS ratio, SWS bouts and delta power density during NREM sleep but was also positively correlated with REM bouts and beta power ( Figure 5, P<0.05) . These results indicate that there is a linear relationship between immobility time and certain sleep parameters and EEG spectral power.
Relationship between sucrose preference ratio (anhedonia) and sleep parameters and EEG spectral power The comparisons between the sucrose preference ratio and the sleep parameters and/or EEG spectral power density after 7 d 
Discussion
The relationship between insomnia and depressive disorders is reciprocal [21] . Nevertheless, the biological processes underlying this causal relationship are not yet fully understood. A growing body of evidence suggests that chronic insomnia is a strong risk factor for the development of depression [4] [5] [6] as well as a prognostic indicator of the clinical course and the response to treatment in depressive disorders [22] . In a 2005 commentary in SLEEP [23] , Fred Turek considered this evidence and declared that insomnia causes depression. This result did not apply to everyone, of course, and insomnia does not always precede and is not always present in depression; however, insomnia is one independent cause of depression. It has also been noted that depression and insomnia are not strictly "birds of a feather" [24] , but how and in what form insomnia presents itself may be important. Most of the previous studies have reported a relationship between the overall severity of depression and specific sleep variables. For example, REM sleep latency [25] and REM density [26] have both been shown to predict the severity of depression. There are several lines of preliminary evidence suggesting that adjuvant insomnia treatments can have a greater impact on insomnia and depression than the treatment of depression alone [27, 28] . The problem of identifying the most depression-vulnerable insomnia subtypes Core symptoms of major depression include anhedonia, despair, insomnia and cognitive impairment, along with frequent anxiety and comorbid diseases [29, 30] . In an animal model, the increased immobility behavior in the FST is considered to be an indicator of despair and sucrose preference is considered to be an index of anhedonia [16, 17, 20] . In this study, we used a repetitive CORT treatment paradigm to mimic stress-induced sleep disorders. The decreased body weight and increased serum CORT level (data not shown) verified the validity of the CORT administration. Lussier et al [31] also reported that after a 7-d administration of CORT (40 mg/kg) rats showed decreased body weight. Interestingly, Lussier 
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Acta Pharmacologica Sinica npg et al [31] also found that 14 and 21 d of CORT injections (40 mg/kg) produced clear behavioral changes in the FST but that 7 d of CORT injections did not produce significant differences in immobility. The authors proposed that treatment with CORT increases depression-like behavior gradually over a 21-d period and the development of depression-like behavior in CORT-treated rats occurs in a linear manner. The results of the present study indicate that after a 7-d treatment of CORT (40 mg/kg), rats showed higher levels of immobility time and lower levels of sucrose preference than did the rats in the control group; however, these changes did not reach statistical significance. Based on the present study and Lussier's report, it could be surmised that administration of CORT (40 mg/kg) for 7 d may cause the rats to enter an early stage of depression. Although there were no significant differences in immobility time and sucrose preference across groups in the present study, profound differences were evident in the rats' sleepwake behavior. Disturbances of sleep are typical for most depressed patients and are a part of the core symptoms of the disorder. Polysomnographic sleep research has demonstrated that in addition to disturbances in sleep continuity, in depression, sleep is characterized by a reduction of SWS and a disinhibition of REM sleep, with a shortening of REM latency, prolongation of the first REM period, increased REM density and abnormal EEG power spectrum [32] . In our experiment, administration of CORT for 7 d induced a remarkable decrease in NREM sleep, a significant decrease in delta power and an increase in broad beta power. These results put into question the degree to which changes in sleep-wake architecture after CORT exposure represent an increase in depression behavior versus being simply a physiological reaction to the CORT treatment.
The present data revealed that the sucrose preference was positively correlated with the total sleep time and negatively correlated with REM sleep time. Meanwhile, the immobility time was positively correlated with REM bouts and negatively correlated with REM sleep latency, SWS time and SWS bouts. A previous clinical report indicated that reduced REM latency is correlated with endogenous symptoms, such as appetite loss and distinct changes in the quality of mood [10] . It has been demonstrated that serotonin neurons of the dorsal raphe nucleus project to the cholinergic laterodorsal and pedunculopontine tegmental areas, inhibiting REM sleep [33] ; consequently, REM sleep suppression has been observed in patients treated with tricyclic antidepressants [34] , selective serotonin reuptake inhibitors, and serotonin-norepinephrine reuptake inhibitors [35] . Our results also substantiated the idea that an increase in REM sleep density and shortened REM sleep latency may be related to the formation of despair/hopelessness (immobility time), and an increase in the REM sleep ratio may be associated with the emergence of anhedonia (sucrose preference).
The neurotransmitter or neuropeptide-like choline or orexin neurons found in the sleep-wake regulating nuclei (such as pedunculopontine tegmetal nucleus and lateral hypothalamus) [36] may project to the ventral tegmental area, one of the key rewarding systems in the brain, to relegate neural activity [37, 38] . We found that sucrose preference (measured using a reward-based test for the interest in a sweet solution) [20] was correlated with sleep generation (light sleep bouts and total sleep time) and the REM sleep ratio, suggesting that the altered sleep time may reflect changes in the reward system. SWS abnormality is one of the most consistent biological markers of depression. Reduction in SWS may be related to the regional cerebral blood flow in orbitofrontal and anterior cingulate cortices [39] , which are critical for mood regulation [40] . The results of this study reveal that behavioral despair (immobility time) was negatively correlated with the SWS ratio and its bouts.
The EEG power spectral density reflects the global cortical electrophysiological status [41] . It is well known that delta (0.5-4 Hz) activity is an indicator of the depth of NREM sleep [42] and beta power is an electrophysiological index of arousal [43] . Quantitative EEG analysis showed decreased delta power in NREM sleep in patients with depression [32, 44] and increased beta power in both REM and NREM sleep [45] . In this study, EEG spectral power analysis indicated that immobility time was negatively correlated with the delta power and positively correlated with the beta power. However, no significant correlation was seen between sucrose preference and the EEG delta, theta, alpha or beta powers. From the present study and the previous literature, it could be suggested that the decreased delta power or increased beta power that occur in the early stage of depression may prompt the formation of behavioral despair.
In summary, our observations suggest that the shortened REM latency and SWS time, reductions of SWS bouts and delta power, as well as the increased REM sleep bouts and beta power density may contribute to the formation of the symptoms of despair. On the other hand, the shortened sleep time (by decreasing sleep events) and increased REM sleep time may play roles in inducing anhedonia. In brief, the 7-d administration of C ORT induced sleep disturbances, including decreased total sleep time and NREM sleep, the tendency toward a disinhibition of REM sleep, as well as a decrease in delta power density and an increase in beta power density in NREM sleep. Although no significant depressive behavior was observed, a strong correlation was found between depressive symptoms and specific sleep parameters.
Varying the stressor manipulation may also result in different changes in sleep architecture. The present study attempted to induce sleep disturbances and depressive tendencies using only a 7-d CORT treatment. It should be noted that the current study only examined the effects of a 7-d CORT treatment on sleep architecture and the behavior that may occur in the early stages of depression by examining the correlation between the tendencies of depression behaviors and sleep architecture parameters during the early stage, before a significant depressive behavior was formed.
In conclusion, understanding the mechanisms that underlie depression and sleep disturbances is critical to the advancement of treatment strategies and diagnostic criteria. The results of the current study demonstrate that CORT exposure results in significant changes in the sleep architecture, before differences in depression behavior can be reliably established. These results clearly illustrate the need for further investigations into the relationship between depression symptoms and disrupted sleep.
